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ABSTRACT

We are developing an optical frequency stan-
dard based on the narrow 2S;/5—?Ds/; electric-
quadrupole transition of a single trapped !*°Hg™ ion.
Small linear traps designed to operate at liquid he-
lium temperatures have been constructed which will
provide confinement in the Lamb-Dicke regime for
the optical transition. Cryogenic operation yields
long ion storage times and significantly suppresses
frequency shifts due to collisions and blackbody ra-
diation. A major step toward the completion of this
standard has been the construction and evaluation
of a well isolated, high-finesse, Fabry-Pérot cavity to
stabilize the frequency of the interrogating laser. We
report our cavity results and progress toward lock-
ing the laser frequency to the transition in the stored
ion.

1 INTRODUCTION

Atomic ions stored in ion traps experience only very
small perturbations of their internal energy levels,
and hence make good candidates for stable and accu-
rate frequency standards. Neutral atom and trapped
ion standards based on microwave transitions have
been developed that demonstrate fractional stabili-
ties near or better than 10~137~1/2 where T is the
measurement averaging time. However, certain pro-
posals such as the timing of millisecond pulsars and
low-frequency gravitational wave detection require
performance beyond that of present day standards
[1, 2, 3]. The quantum-projection-noise-limited Al-
lan variance of an atomic standard interrogated by
the time-domain Ramsey method is given by the ex-
pression
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In this expression for the two-sample Allan variance
ay(r), (wk)r corresponds to the k* measurement of
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the frequency of an oscillator locked to a reference
consisting of an ensemble of N atoms each having
transition frequency wg. The interrogation period is
of length Tp < 7. Although much performance im-
provement has been realized in microwave standards
by increasing the number of atoms N in the probed
sample and by extending the interrogation time Tg,
gains in stability may be offset by losses in accuracy
and vice versa. Such a degradation may arise, for ex-
ample, from the introduction of uncontrolled pertur-
bations such as collisional or Doppler shifts in dense
or large samples, or reduction in signal when evolv-
ing for long Tr due to loss of atomic beam intensity.
Increasing the frequency wg by making use of long-
lived optical transitions is perhaps the most direct
way to improve the overall performance, but signif-
icant technical obstacles must be overcome. In par-
ticular, optimum performance requires a spectrally
pure optical local oscillator possessing a linewidth
less than the natural width of the atomic transition
for times comparable to the interrogation time Tg.

We report on progress made toward the realiza-
tion of such an optical frequency standard based
on the narrow 5d'%s 2S,/, — 5d°6s? 2Ds 5 electric-
quadrupole transition of a single laser-cooled 1%°Hg*+
ion stored in a radiofrequency (Paul) trap [4]. The
single-photon transition wavelength is 282 nm with
a natural width of 1.8 Hz, corresponding to a line Q
of greater than 5 x 10*%. We expect that it should
be possible to stabilize the frequency of a laser os-
cillating in resonance with the atomic transition (or
a subharmonic thereof) within 10-157=%/2, with an
accuracy ultimately approaching 1078,

2 REFERENCE CAVITY

A two-step scheme is employed to stabilize a ring-dye
laser operating at 563 nm, which lies at the heart of
the local oscillator. The laser is first prestabilized
by locking to a low-finesse (F ~ 800) Fabry-Pérot
cavity using the Pound-Drever-Hall reflected side-
band technique [5]. High-frequency correction of the
laser frequency noise is accomplished with an intra-



cavity electro-optic modulator, and long term drifts
are eliminated by steering a piezoelectric transducer
(PZT) mounted behind one of the dye laser cavity
mirrors. The prestabilization stage narrows the laser
linewidth to a1 kHz for averaging times of about
1 s. The light is then transported through an opti-
cal fiber to a high-finesse (F > 150 000) cavity, and
the reflected sideband technique is again used in con-
junction with an acousto-optic modulator (AOM) to
lock the laser to the cavity resonance. The short-
term corrections are written directly onto the AOM
drive frequency, while long-term drifts are fed back
to a PZT on the prestabilization cavity to maintain
frequency alignment with the high-finesse cavity.

Our requirement that the spectral purity of the
laser be less than the 1.8 Hz natural linewidth of
the 2S;/2—2Ds/2 optical clock transition in !%°Hg*+
places stringent demands on the physical stability of
the high-finesse cavity. For this reason, the cavity
spacer must have intrinsically low sensitivity to tem-
perature variations and must be well isolated from
the environment. The present apparatus uses mir-
rors optically contacted to the ends of a tapered
cylindrical spacer 15 cm in diameter and 24 cm in
length; a 1 cm diameter open bore forms the intra-
cavity region. Both the spacer and mirror substrates
are made of ULE glass [6], and the temperature is
regulated near the point at which the temperature-
dependent coefficient of thermal expansion is zero
(=30 °C). The cavity is isolated from the environ-
ment by mounting it in an evacuated chamber on
an optical table which is passively isolated from seis-
mic noise using a support system consisting of ver-
tical strands of surgical tubing stretched to approxi-
mately 3 m. In the vertical, the fundamental vibra-
tional mode of the suspended table has a frequency
of ~0.3 Hz, which provides an isolation from floor
noise that exceeds a factor of 50 in noise amplitude at
frequencies greater than 3 Hz. Some viscous damp-
ing is also employed, and the optical table is further
enclosed in a wooden box lined internally with lead
foam to reduce the coupling of acoustic noise into the
cavity.

Dissipation of intracavity light in the dielectric
coatings and radiation pressure on the mirrors shifts
the cavity resonance. To stabilize this shift and hold
it to an acceptable value, we couple only approxi-
mately 100 uW of 563 nm light into the cavity, and
a servo actively controlling the radiofrequency power
driving the AOM stabilizes the optical power exiting
the cavity to ~0.1 %.

To characterize the short term stability of the cav-
ity without reference to the atomic ion, we utilize
a second similar high-finesse cavity on a separate
isolated table. Figure 1 shows the spectrum of the
beat note obtained by heterodyning two laser beams
derived from the beams stabilized to the two inde-
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Figure 1: Power spectrum of the beat note between
two laser beams stabilized to two independent cavi-
ties. The resolution bandwidth of the spectrum an-
alyzer is 0.447 Hz, and the averaging time is 32 s.

pendent cavities. A nearly uniform relative cavity
drift of ~1 Hz/s is suppressed by mixing the beat
note with a swept frequency synthesizer. A common-
mode drift of similar size is also observed. The width
of the spectrum at the half-power point is about
0.9 Hz (32 s averaging time). Assuming that the
length fluctuations of the cavities are similar in fre-
quency distribution and amplitude but otherwise in-
dependent implies that the frequency fluctuations of
neither laser contributes a frequency width greater
than 0.6 Hz at 563 nm. This corresponds to a frac-
tional linewidth of only 1x10~1%, Time-domain mea-
surements described in Ref. [7] were used to deter-
mine the fractional frequency instabilities oy () for
the 30 ms to several second time scale relevant for
our proposed optical standard. These results, and
the Allan deviations reported for a number of other
stable laser systems, are compared in Figure 2.

3 SINGLE-ION REFERENCE

We work with singly charged ions of 1°°Hg because
they offer transitions suitable for both optical [4] and
microwave standards [14, 15]. Figure 3 shows the
25, /2—2P1/2 electric-dipole transitions used for laser
cooling, optical pumping, and state detection, and
the 28,/,—2Ds/, electric-quadrupole transition that
is the reference for the optical standard. A number
of technical barriers must be surmounted in working
with Hg*. One is associated with the presence of
residual elemental Hg in the trap vacuum vessel. At
room temperature, the storage lifetime is reduced to
a few minutes through recombination of the trapped
ions with neutral partners from the background. We
minimize the ambient Hg by producing it only when
needed via thermal disassociation of isotopically en-
riched HgO. To obtain the desired ion storage times
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Figure 2: Allan deviation curves for stabilized lasers.
We calculate oy(r) for one of our sources from an
analog-to-digital sample of the beat signal (curve A)
and via a dual-mixer measurement system (curve
B). The dotted line shows the quantum noise limit
for a Hgt optical frequency standard with a single
ion and Tg = 30 ms. Results for other stabilized
lasers: Nd:YAG, Nd:YAG lasers locked to cavities
[8]; Nd:YAG/I,, iodine-stabilized Nd:YAG lasers [9];
He-Ne, methane-stabilized He-Ne lasers [10]; CO,,
COg lasers locked to OsOy4 [11] (see comparable re-
sults in Ref. {12]); CORE, Nd:YAG lasers locked to
cryogenic resonator oscillators {13].
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Figure 3: Simplified energy-level scheme for !%°Hg+.
194 nm radiation is used for Doppler cooling of the
ion’s motion; the long-lived optical clock transition is
at 282 nm. The 40.5 GHz microwave clock transition
is also shown.
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Figure 4: Basic geometry of the linear ion trap. Ra-
dial confinement is provided by a ponderomotive po-
tential resulting from the RF voltage (several hun-
dred volts at 10 MHz) applied to two opposing rods,
with the complementary pair at RF ground. Trap-
ping along the axis is provided by a DC potential Vj
(0-200 V) applied to the outer electrode segments.

(days), it is necessary to further refrigerate the trap
enclosure to liquid He temperatures, so that any re-
maining free Hg is sequestered by cryopumping on
the vessel walls. Cryogenic operation, however, in-
troduces a host of other challenges, most prominently
the accumulation and “freezing out” of patches of
charge on the trap electrodes. The resulting stray
electric fields can add enough additional bias to pre-
vent the trapping of ions. Therefore, heaters must be
incorporated into the trap structure so that its tem-
perature may be elevated enough to permit the dissi-
pation of any charge accumulated during the time the
Hg oven and ionizing electron beam are activated.
After loading, the trap is returned to cryogenic op-
eration without further evidence of fluctuating bias
fields.

We are experimenting with a number of heated
trap structures, all variations of the linear geome-
try shown schematically in Figure 4. The operating
principles of the linear Paul trap and laser cooling
are described in detail elsewhere [16], but a few com-
ments relevant to the present discussion are in order.
Ions stored in radiofrequency traps exhibit a driven
micromotion at the trap drive frequency if they are
not confined to nodal points of the radiofrequency
trapping field. Even small amounts of micromotion
can lead to parametric heating of the secular motion
of the trapped ions. For a single ion, it is possible
to minimize this micromotion with the application
of static bias fields which move the ion to the mini-
mum of the ponderomotive potential. The amplitude
of micromotion can be directly measured by correlat-
ing the phase of the ion scattered-light signal (which
is modulated by the Doppler-shifted atomic absorp-
tion) with that of the trap drive [17]. By observing
the correlation and applying static voltages to com-
pensate for the existing bias, the driven motion can



be reduced to negligible levels.

The transition strength of the optical carrier is sen-
sitively dependent on the vibration amplitude, and
uncontrolled fluctuations in transition strength may
result if the mean excitation number of the harmonic
motion is large or changing. This effect can be over-
come by strongly confining the ion so that its max-
imum excursions are much less than a wavelength
of the 282 nm interrogating radiation, the Lamb-
Dicke regime. The desire for rigid confinement re-
quires that linear traps capable of supporting large
electric potentials (~1-2 kV) with electrode dimen-
sions and spacings <1 mm be realized in the labo-
ratory. Presently, we have trapped and cooled ions
to crystallization in one geometry which is capable
of Lamb-Dicke confinement at secular frequencies of
1—2 MHz during cryogenic operation, and have con-
structed a smaller, tighter trap which should yield
much stronger confinement for identical applied volt-
ages. In the future, we may move to micro-miniature
lithographic traps similar to those used in our group
at the National Institute of Standards and Technol-
ogy in Boulder for quantum-state engineering inves-
tigations, modified for cryogenic operation.

Another difficulty specific to the Hgt experiments
is the necessity of a reliable and economical source of
narrow-band 194 nm radiation for laser Doppler cool-
ing. Currently, the cooling light is generated using
a single-mode Art laser oscillating at 515 nm that
is frequency-doubled in F-barium borate (BBO) to
257 nm. The second-harmonic radiation is then sum-
frequency mixed in BBO with the output of diode
sources at 792 nm to produce light at 194 nm. We
have constructed a Yb:YAG laser at 1.03 pm that is
frequency-doubled in KNbO3 to obtain over 400 mW
of power at 515 nm, which is sufficient to replace
the Art laser. Because the harmonic generation
efficiency is limited by blue-light-induced infrared
absorption at high powers in KNbOgz, we antici-
pate even better conversion efficiency by frequency-
doubling with lithium triborate in the future. We
have also constructed a Nd:FAP laser to replace
the 563 nm dye laser and its Ar* pump. The in-
herent frequency stability and low maintenance of
these all-solid-state systems make them very attrac-
tive for metrological applications and high-precision
spectroscopy.

A generic impediment to the realization of any op-
tical frequency standard is the delivery of the phase-
stable radiation from the local oscillator to the atom.
We transport the 563 nm light via optical fiber from
the suspended high-finesse cavity table to the opti-
cal table supporting the trap cryostat. Doppler shifts
due to the relative motion of the two tables, as well
as vibration and insertion noise from the fiber itself,
contaminate the phase of the interrogating radiation.
This additive noise is sensed by heterodyning light on
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the cavity table with light which has made a round-
trip to the trap table. Phase-locking this beat signal
to a stable RF source actively reduces the frequency
noise acquired during the transport of the light from
the cavity to the ion trap [4, 18]; hence the phase
purity of the cavity-stabilized laser is restored at the
site of ion. The 563 nm light is frequency-doubled
in deuterated ammonium dihydrogen phosphate to
near resonance with the ion at 282 nm near the trap.
Measurement or locking of the 282 nm light to the
Hg* transition begins with laser cooling of the ion
to near the Doppler limit of 1.7 mK with a pair
of copropagating 194 nm beams: a strong (several
hundred microWatts) cooling beam, and a weaker
(~1 pW) repumping beam which prevents the ion
from becoming trapped in the 2S;/, F = 0 level.
Turning off the repumping radiation prepares the ion
in the lower (F = 0) hyperfine level of the ground
state. The clock transition is then probed with the
time-domain Ramsey method in the absence of any
194 nm radiation. Finally, transitions to the zDs/g
level are detected using optical-optical double reso-
nance (“electron shelving”) [19], in which we detect
light scattered from the strong cycling 2S;,,—2Py,
electric-dipole transition at 194 nm. If the atom is
in the 2Dy /2 state, no scattering above background
is observed. If the atom remains in the ground state,
we detect strong scattering as the ion is driven up
to the 2P, /2 state and decays spontaneously back to
the ground state. For a single ion starting in the
ground state, a peak fluorescence count rate of tens
of kiloHertz has been observed using a photomulti-
plier. This quantum amplification enables state de-
tection with nearly unit efficiency. A digital integral
servo loop will adjust the average frequency of the
282 nm radiation by means of an AOM to match the
center of the detected atomic resonance. The values
of the steered frequency will be recorded after each
measurement cycle for evaluation [4, 20].

4 PERFORMANCE

Single laser-cooled ions stored in traps offer sig-
nificant advantages over other atomic references in
terms of relative immunity from systematic fre-
quency shifts. For 199Hg+ the fractional magnitude
of the second order Doppler shift is approximately
2 x 107!8 at the Doppler cooling limit. We have
chosen an isotope with nonzero nuclear spin which
makes available transitions which are first-order in-
dependent of magnetic field strength at zero field.
Hence the first-order Zeeman shift can be made very
small. In our trap, collisional and blackbody radi-
ation shifts are minimized by the cryogenic opera-
tion required for long storage times. Although light
shifts from the strong cooling radiation can broaden



the narrow reference transition, we shutter the cool-
ing beams during the probe cycle to prevent this
from occurring. In probing the S;;,—?Ds;» reso-
nance, AC Stark effects are negligible as we rely on
a single-photon quadrupole transition. Because we
use an optical transition to a state with a nonvanish-
ing electronic quadrupole moment, the limiting accu-
racy of our standard may arise from the uncertainty
in the interaction of the 2Dj /2 atomic moment with
the electric fields of the trap. While the quadrupole
shift from the AC trapping fields can be precisely
calibrated since they affect the motion of the ion
in a known way, static fields or patches of charge
on the trap electrodes may be difficult to control.
Shifts larger than 1 Hz may be expected. We can
significantly reduce the uncertainty in these shifts
by measuring the quadrupole transition frequencies
for three mutually orthogonal orientations of a quan-
tizing magnetic field, in which case the quadrupole
shift averages to zero.

From Eqn. (1) with Tr = 0.03 s, we estimate a
projection noise-limited measurement stability for a
single ion of approximately 1 part in 10!%, or 1 Hz,
for averaging times of 1 s. We have demonstrated an
optical local oscillator with a linewidth of less than
0.6 Hz for averaging times up to 32 s, which is suf-
ficient for such an Hg" optical standard. We are
hopeful that the system we are assembling, in com-
bination with a frequency synthesis chain connecting
the optical transition to microwave frequencies [21],
might eventually provide a time standard with an ac-
curacy near 10~18, and stability surpassing the best
present-day clocks.

The authors acknowledge the support of the
U. S. Office of Naval Research and the National In-
stitute of Standards and Technology.

*Work of the United States Government. Not sub-
Jject to U. S. copyright.

References

(1] L. A. Rawley, J. H. Taylor, M. M. Davis, and
D. W. Allan, Science 238, 761 (1987).

[2) J. W. Armstrong, F. B. Estabrook, and
H. D. Wahlquist, Astrophys. J. 318, 536 (1987).

[3) Special Issue on Time and Frequency,
Proc. IEEE 79 (1991).

[4] J. C. Bergquist, W. M. Itano, and
D. J. Wineland, in Frontiers in Laser Spec-
troscopy, Proceedings of the International
School of Physics “Enrico Fermi” Course

680

120, edited by T. W. Hansch and M. In-
guscio (North-Holland, Amsterdam, 1994),
pp. 359-376.

[5] R. W. P. Drever, J. L. Hall, F. V. Kowal-
ski, J. Hough, G. M. Ford, A. J. Munley, and
H. Ward, Appl. Phys. B 31, 97 (1983).

[6] Commercial products are identified in order to
adequately specify the experimental procedure.
Such identification does not imply recommenda-
tion or endorsement by the National Institute of
Standards and Technology.

[7] B. C. Young, F. C. Cruz, W. M. Itano, and
J. C. Bergquist, Phys. Rev. Lett., in press.

[8] N. M. Sampas, E. K. Gustafson, and R. L. Byer,
Opt. Lett. 18, 947 (1993).

[9] J. L. Hall, L. -S. Ma, S. Swartz, P. Junger,
and S. Waltman, in 1998 Conference on Pre-
ciston Electromagnetic Measurements Digest,
edited by T. L. Nelson (IEEE, New York, 1998),
pp. 151-152.

[10] S. N. Bagayev, A. K. Dmitriyev, P. V. Pokasov,
and B. N. Skvortsov, in Ref. [2] pp. 289-296.

[11] O. Acef, Opt. Comm. 134, 479 (1997).

(12] V. Bernard, C. Daussy, G. Nogues, L. Con-
stantin, P. E. Durand, A. Amy-Klein,
A. Van Lerberghe, and C. Chardonnet,
IEEE J. Quant. Electr. 33, 1282 (1997).

[13] S. Seel, R. Storz, G. Ruoso, J. Mlynek, and
S. Schiller, Phys. Rev. Lett. 80, 2089 (1998).

[14] D. J. Berkeland, J. D. Miller, J. C. Bergquist,
W. M. Itano, and D. J. Wineland,
Phys. Rev. Lett. 80, 2089 (1998).

[15] L. L. Tjoelker, J. D. Prestage, and L. Maleki,
in Proceedings of the Fifth Symposium on Fre-
quency Standards and Metrology, edited by
J. C. Bergquist (World Scientific, Singapore,
1996), pp. 33-38.

(16] J. C. Bergquist, W. M. Itano, and
D. J. Wineland, Phys. Rev. A 36, 428
(1987) and references therein.

(17} D. J. Berkeland, J. D. Miller, J. C. Bergquist,
W. M. Itano, and D. J. Wineland,
J. Appl. Phys. 83, 5025 (1998).

[18] L. -S. Ma, P. Junger, J. Ye, and J. L. Hall,
Opt. Lett. 19, 1777 (1994).

[19] H. G. Dehmelt, IEEE Trans. Inst. Meas. 31, 83
(1982).



[20] D. J. Wineland, W. M. Itano, J. C. Bergquist,
J. J. Bollinger, S. L. Gilbert, and F. Diedrich,
in Frequency Standards and Metrology: Pro-
ceedings of the Fourth Symposium, edited by
A. De Marchi (Springer-Verlag, Berlin, 1989),
pp. 71-77.

[21] B. Frech, J. S. Wells, C. W. Oates, J. Mitchell,
Y-P. Lan, T. Kurosu, L. Hollberg, B. Young,
and J. C. Bergquist, this volume.



